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The Science and Ethics of Induced Pluripotency:
What Will Become of Embryonic Stem Cells?

DAvID G. ZACHARIAS, BA; TiMOTHY J. NELSON, MD, PHD; PAuL S. MUELLER, MD, MPH;
AND C. CHRISTOPHER HoOKk, MD

For over a decade, the field of stem cell research has advanced
tremendously and gained new attention in light of novel insights
and emerging developments for regenerative medicine. Invari-
ably, multiple considerations come into play, and clinicians and
researchers must weigh the benefits of certain stem cell plat-
forms against the costs they incur. Notably, human embryonic
stem (hES) cell research has been a source of continued debate,
leading to differing policies and regulations worldwide. This ar-
ticle briefly reviews current stem cell platforms, looking specifi-
cally at the two existing pluripotent lines available for potential
therapeutic applications: hES cells and induced pluripotent stem
(iPS) cells. We submit iPS technology as a viable and possibly
superior alternative for future medical and research endeavors as
it obviates many ethical and resource-related concerns posed by
hES cells while prospectively matching their potential for scien-
tific use. However, while the clinical realities of iPS cells appear
promising, we must recognize the current limitations of this tech-
nology, avoid hype, and articulate ethically acceptable medical
and scientific goals.
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ES = embryonic stem; hES = human embryonic stem; ICM = inner
cell mass; iPS = induced pluripotent stem; IVF = in vitro fertiliza-
tion; MSC = mesenchymal stem cell; NBAC = National Bioethics
Advisory Commission; SCNT = somatic cell nuclear transfer; UCB =
umbilical cord blood

Stem cell research has been the focus of public atten-
tion for more than a decade as novel developments and
insights into cellular therapy have emerged.! Given the ag-
ing US population, the need for targeted interventions for
chronic degenerative diseases will become increasingly
urgent, spurring further research into treatments and solu-
tions for diseases linked to progressive cellular and tissue
destruction.”* Stem cell technology is rapidly expanding
the field of regenerative medicine, allowing for the de novo
production of functional tissue and providing for new di-
agnostic and therapeutic capabilities that may surpass the
risk-benefit profile of conventional reparative methods
(eg, solid organ transplant, tissue rejuvenation).”®
However, like many prospective tools of medicine,
stem cell technology is not without ethical implications.
This field, in particular, continues to be a source of on-
going discussion, with most of the controversy centered
on embryo destruction.” This debate is informed by the
concepts of nonmaleficence (avoiding harm), beneficence
(protecting and defending the rights of others, prevent-
ing harm, removing existing harm, and promoting good),
justice (fair opportunity, entitlement, and distribution of

resources), and human dignity (moral status and the ethi-
cal definition of personhood).!®!" For research that neces-
sitates embryo destruction, the verdict is still out among
clinicians and researchers regarding one of the cardinal
rules of medical ethics: “Primum non nocere” (First, do
no harm). The principle of nonmaleficence takes into ac-
count the moral nature of the act, the agent’s intention, the
means of the act, the possible adverse consequences, and
the proportionality between the good and bad effects.!?
The ongoing dispute has worked its
way into the global political arena such
that an international consensus has not
been reached regarding the regulation
of human embryonic stem (hES) cell
research. Policies and legislation are restrictive in certain
countries (Ireland, Italy, Germany, Poland, Austria) and
permissive in others (Belgium, United Kingdom, Sweden,
Switzerland, Korea), with the United States currently find-
ing itself somewhere in the middle.”* More than a decade
of intense debate has failed to resolve deeply entrenched
differences in belief about the nature and beginning of hu-
man personhood. Because consensus on the ethicality of
embryo destruction appears unlikely, experts must weigh
the social, ethical, legal, scientific, and medical costs and
benefits for each stem cell platform.

The fundamental biological distinction among stem cell
platforms is defined by cellular potency; parental cell lines
equally capable of self-renewal and asymmetrical cell di-
vision have varying capacities for differentiation into tar-
get tissues and cell types.'* For example, embryonic stem
(ES) cells are pluripotent in that they are capable of giv-
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ing rise to all tissues of the developing organism across
all three embryological germ layers when allowed to dif-
ferentiate within the appropriate microenvironment.'>!¢ In
contrast, adult stem cells are multipotent in that they give
rise to specialized cell types restricted to an embryologi-
cal germ layer,'” even despite cultivation within a nurturing
embryonic environment.'3" Notably, both of these classifi-
cations are distinct from totipotency, which is defined as the
ability to autonomously give rise to an entire adult animal by
producing both embryonic and extraembryonic tissues and
allowing for complete gestational development.”*?' Thus,
cellular potency represents a spectrum of biological capacity
in which cells that are less differentiated possess a greater
degree of malleability and technological ability for biomedi-
cal applications® at the expense of increased ethical concern
regarding the sources from which they are derived.

When weighing the advantages and disadvantages of
a stem cell platform, clinicians should apply the calculus
of beneficence and nonmaleficence as well as consider the
availability of resources, the usefulness of the platform for
biomedical applications, and current policy. Since first be-
ing isolated in 1998, hES cells have come to dominate
the stem cell landscape and are currently regarded as “the
gold standard.”** In September 1999, the National Bioeth-
ics Advisory Commission (NBAC) of the Clinton adminis-
tration evaluated the ethical concerns of hES cell research
and concluded:

In our judgment, the derivation of stem cells from embryos re-
maining following infertility treatments is justifiable only if no
less morally problematic alternatives are available for advancing
the research. But as we have noted, ES cells from embryos appear
to be different in scientifically important ways from [adult stem]
cells and also appear to offer greater promise of therapeutic break-
throughs. The claim that there are alternatives to using stem cells
derived from embryos is not, at the present time, supported scien-
tifically. We recognize, however, that this is a matter that must be
revisited continually as science advances [italics inserted].?

Indeed, the science has advanced considerably during
the past decade, and ground-breaking discoveries necessi-
tate revisiting the matter.

CURRENT STEM CELL PLATFORMS

ApuLt STEM CELLS

Adult stem cells are derived from bone marrow, adipose
tissue, and tissue-resident stem cells. This category notably
includes multipotent hematopoietic stem cells and mesen-
chymal stem cells (MSCs), also known as marrow stromal
cells.? In turn, MSCs give rise to lineages such as bone,
cartilage, and adipose.?”?® Both site-directed and systemic
deliveries of MSCs have been used for treatment in a wide
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spectrum of disease models.*° The multipotency and ex-
tensive clinical availability of these progenitor cells have
made MSCs a common tool for tissue engineering.?!

PERINATAL STEM CELLS

Perinatal stem cells are derived from umbilical cord blood
(UCB) and amniotic fluid—derived stem cells. In addition to
hematopoietic tissues, progenitor cells from UCB have also
been used to produce non-hematopoietic lineages that en-
able an expanding field of applications.*?> The heterogeneous
pool within UCB also contains stem cells that behave simi-
larly to embryonic-like stem cells.** Like stem cells in UCB,
amniotic fluid—derived stem cells give rise to a wide variety
of tissues, including those of adipogenic, osteogenic, myo-
genic, endothelial, neuronal, and hepatic lineages.* Storage
of these multipotent stem cells is becoming more common
as a result of long-term biobanking efforts worldwide.*

EmBRYONIC STEM CELLS

Embryonic stem cells are derived from the inner cell mass
(ICM) of the embryo at the blastocyst stage. Cells of the
ICM are pluripotent and give rise to the embryo proper, in
contrast to the trophoblast, which gives rise to the extra-
embryonic tissues present during gestation. As such, ES
cells have the potential to give rise to all tissues of the
adult body through sequential differentiation of ectoderm,
endoderm, and mesoderm germ layers.'* This class of stem
cells was first isolated from mice in the 1980s.%¢ Since this
breakthrough, hES cells have been shown to give rise to a
comprehensive spectrum of cell types.’” However, thera-
peutic use of hES cells has not yet been realized, despite
promising results in animal studies of Parkinson disease
and spinal injury,®® type 1 diabetes,* and cardiovascular
disease.*’ In addition, the first-in-man phase 1 clinical trials
for hES technology are currently evaluating the therapeu-
tic effect of hES cell-derived oligodendrocyte progenitor
cells in spinal cord injury and retinal pigmented epithelial
cells in age-related macular degeneration.*!*?

BI0ENGINEERED STEM CELLS

Bioengineered stem cells are derived using techniques
that seek to achieve pluripotency in non—stem cells. Such
techniques can be classified into two general categories:
somatic cell nuclear transfer (SCNT) and pluripotency in-
duced by factor-mediated nuclear reprogramming.’’ Better
known as cloning, SCNT was first demonstrated in 1997
through the creation of Dolly the sheep.” As its name
would suggest, SCNT is simply the transfer of a somatic
cell nucleus into an enucleated oocyte. This gives rise to a
cloned zygote from which ES cells can ultimately be de-
rived (and thus it can also be classified under the embryon-
ic stem cell platform; Figure).* The cytoplasmic environ-
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FIGURE. Schematic representation of common techniques to procure pluripotent stem cells.
Nuclear reprogramming by ectopic factors results in induced pluripotent stem cells that may
have functional equivalence to embryonic stem cells derived by conventional embryo-dependent
methods and possess therapeutic potential through multilineage differentiation.

ment of the enucleated mammalian oocyte is remarkably
conserved across species and allows for reprogramming of
the somatic nucleus back to an undifferentiated state.*

One technical variation of SCNT is altered nuclear
transfer. In 2006, investigators reported inactivation of
the Cdx2 gene in murine fibroblasts using lentiviral RNA
interference before somatic nuclear transfer, which resulted
in a blastocyst that produced only cells of the ICM.*” These
cells were then tested and indeed found to be pluripotent and
to function similarly to ES cells (ie, they were able to form
postnatal chimeras when injected into diploid blastocysts).
This work was based on an earlier study that showed Cdx2
to be necessary for formation of the trophoblast that gives
rise to extraembryonic tissues.*® Hence, this work offered
a novel alternative to bioengineered pluripotent stem cells
that would not necessitate the destruction of viable embryos.
However, producing “disabled embryos” incapable of im-
plantation raises ethical concerns and, therefore, this plat-
form is still actively debated.***° For technical reasons not
yet fully understood, ES cells have not been successfully
isolated in humans using any of these methods.**!

In contrast to nuclear transfer strategies that require
an oocytic environment to bioengineer pluripotent stem

cells, investigators in 2006 presented a novel technique for
nuclear reprogramming of ordinary fibroblasts requiring
only the retroviral transduction of four transcription fac-
tors (Oct4, Sox2, c-Myc, and KIf4) into the cells, yielding
an innovative method to achieve pluripotency of somatic
cells known as induced pluripotent stem (iPS) cells.” One
year later, nearly a decade after the Clinton NBAC state-
ment, the first human iPS cells were isolated.”® Ectopic
factor-mediated nuclear reprogramming was also found
to be achievable with expression of Oct4, Sox2, Nanog,
and Lin285* Since then, embryo-independent nuclear
reprogramming of human iPS cells has been found to be
remarkably reproducible (Figure).>> Moreover, nonhuman
iPS cells have been found to meet the most stringent of
tests for pluripotency, including production of chimeric off-
spring capable of germline transmission—previously only
possible with ES cells.* In addition, iPS cells injected into
tetraploid embryos (forming trophoblasts and giving rise
only to extraembryonic tissues) have demonstrated autono-
mous capacity for embryogenesis.’’ Patient-specific iPS
cells have also been derived and can be used for pharma-
cologic testing, diagnostics, and the study of a variety of
disease models in vitro.’®®! The regenerative applications
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of iPS cells for treatment have also been demonstrated in
various models that include sickle cell anemia,®> Parkinson
disease,® hemophilia A,* and ischemic heart disease.%>%

Two months before the initial announcement of iPS,
stem cell pioneer Rudolf Jaenisch stated:

The future challenge will be to study alternatives to nuclear trans-
fer in order to recapitulate reprogramming in a Petri dish without
the use of oocytes...Will it be possible to fully reprogram a so-
matic cell into an ES-like cell without exposure of the nucleus to
the reprogramming factors of the oocyte?®’

Three years of rapidly advancing iPS technology seem to de-
finitively answer, “Yes.” However, the question remains, “As
we approach the next step, what will become of the old?”

EMBRYOS vs REPROGRAMMING

Multiple tools exist to create pluripotent stem cells (Fig-
ure).*¢7 Yet only hES cells derived from donated super-
numerary embryos after in vitro fertilization (IVF) proce-
dures and iPS cells are available for pluripotent stem cell
technology in humans.'*%7 In light of the arduous path we
have travelled to advance the science of hES cells in this
country,”3"" as we look ahead we must ask whether ES
cells are necessary in light of iPS technology.

Certainly, current iPS technology is far from perfect. As
with hES cell derivation, protocols for nuclear reprogram-
ming need further improvement, particularly to address
low efficiency and partial reprogramming of cells with
transformed or dysplastic progenitor cells that contaminate
the stem cell pool.?>”> Although select iPS cells have ex-
hibited certain aspects of hES pluripotency, it is important
to recognize that not all iPS cells generated to date have
demonstrated longitudinal functional equivalence to hES
cells because of the lack of long-term follow-up studies.
Additionally, hES cells are still considered by many sci-
entists to be the gold standard for fully understanding the
basic mechanisms and environment of pluripotency and for
optimizing diagnostic and therapeutic applications of iPS.
As noted by iPS researcher Juan Carlos Izpisia Belmonte,
“ES cells are needed to understand the basic mechanism
of pluripotency and self-renewal. As such, it is out of the
question to even suggest phasing them out. We will be lost
without them.””?

The risk of tumorigenesis is another commonly cited po-
tential problem with using iPS cells for therapy. Notably, this
is a problem shared by hES cells and any other pluripotent
cell models that are capable of multilineage differentiation
and teratoma formation.”* However, iPS cells can become
transformed with dysplastic growth potential due to the ret-
roviral insertion of reprogramming transcription factors into
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the genome, a process known as insertional mutagenesis. To
address this iPS-specific limitation, studies in the past three
years have presented a wide array of preliminary evidence
and have introduced successful protocols, including use of
nonintegrating viral vectors (eg, adenovirus, plasmid, and
episomal vectors), traceless systems to remove the trans-
genes after induced pluripotency, incubation with recom-
binant proteins, and transfection with modified RNA. 57577
Although these advances are encouraging, producing safe
and highly purified iPS cells will remain a serious challenge
for future clinical therapeutic application.”

Despite their limitations, bioengineered stem cells offer
unique biological and ethical advantages. First, they help ad-
dress a limitation of many existing stem cell platforms— the
risk of immune rejection.”®” For example, in the first hES
phase 1 clinical trial, patients undergoing allogeneic hES cell
transplants had to receive immunosuppressive therapy for at
least four months and be monitored for 15 years to evaluate
for rejection. A major advantage of using reprogrammed
somatic cells is that they provide the possibility for autolo-
gous transplant in regenerative therapy, eliminating the need
for immunosuppressive therapy. Second, iPS cells possess
an unlimited resource capacity because they require only a
tissue biopsy for derivation (that is, anyone can donate and
donation is easy), whereas hES cells have severely limited re-
source capacity because they must be derived from embryos
discarded after IVE.2%2 Third, the tissue donation process for
iPS production would be a safer and less invasive alternative
for patients than egg donation during IVE.3 Finally, and per-
haps most importantly, iPS cells avoid the ethical quandaries
surrounding embryo destruction. This technology provides a
potentially viable alternative to hES cells without invoking
sharp dispute about whether we are wrongfully destroying
human beings.**% These sentiments, which are deeply root-
ed in the moral and religious consciences of many, will not
go away and should not be brushed aside.®*** Human em-
bryos need never be destroyed to obtain iPS cells, but their
destruction is required to obtain hES cells (Figure).

Some might claim that iPS cells, in theory, could be used
to create human embryos and thus should be considered
equally as problematic as hES cells.”! However, iPS tech-
nology does not require or mandate the creation of human
embryos. In a Nature interview, Rudolf Jaenisch, a noted
SCNT researcher, stated that it would be “possible in prin-
ciple” to repeat the cloning process for mice (injection of
iPS cells into tetraploid blastocysts) in humans, but he also
noted that “it would be unrealistic and a ridiculous thing
to do.” He also admitted, however, that because “fertilized
embryos are easier to get than the fresh eggs used in clon-
ing, some maverick might give it a try.”> Under current
policy in certain institutions and states, “‘some maverick”
could also risk career loss and legal action.”® The solution is
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not to condemn iPS technology but rather to enact logical,
universal policy with severe penalties to discourage poten-
tial misuse of iPS. In vitro fertilization technologies have
not been forbidden because of their potential contribution
to cloning efforts. Likewise, iPS technologies should not
be rejected because of a theoretical risk of abuse.

The general consensus among hES and iPS researchers
alike is that ES cells are needed for the time being.** As noted
by iPS researcher Konrad Hochedlinger, “...once we have a
better understanding of what iPS cells can do and what they
cannot do—if anything—it will be worthwhile to revisit the
question of whether ES cells have become obsolete. At the
moment, this is clearly not the case.” Shinya Yamanaka, one
of the founders of iPS technology, has predicted “that iPS
cells will eventually replace ES cells in most, if not all, ap-
plications in the future,” but he adds that “[e]ven thereafter...
ES cells are still expected to have an important role as a con-
trol in both experiments and trials.””® Because hES cells re-
main the standard of pluripotency, those who claim that iPS
cells eliminate the need for hES research must understand
that bioengineered cells have a long road of validation and
quality control ahead of them to determine their relative risk
to benefit profile.”* This will likely require comparison with
the highest-quality hES cells available using current tech-
nology to reveal subtle functional differences between hES
and iPS cells and refine their molecular identity. However,
biomedical applications, such as patient-specific drug tox-
icity and discovery sciences to map disease-causing muta-
tions and molecular pathologies, require relative comparison
between iPS cells from healthy and diseased cohorts rather
than indirect comparison with hES cells.

An ongoing debate, therefore, is whether we have suf-
ficient hES cell lines to bridge the gap and help us move
toward better techniques or whether it is necessary to con-
tinue deriving more lines via embryo destruction. In 2009,
the availability of hES cell lines increased dramatically,
more than doubling, compared with the previous 15 years;
many more hES cell lines are under review by the National
Institutes of Health.®>*° Although the courts may eventually
reach a conclusion about what is permitted or prohibited
legally,””*8 the larger ethical and social disagreement will
remain. Thus, it would seem prudent practically, ethically,
and socially for the scientific community to question the
need to derive new hES cell lines both now and as iPS tech-
nology advances.

So what does the future look like for stem cell research?
More pertinently, what is the ideal at which we are aiming?
Is the goal to find better cures that are biologically acces-
sible to everyone and, as much as possible, avoid ethical
quandaries? This certainly seemed to be the goal of the
NBAC, which first permitted hES research more than 10
years ago. The age-old challenge for science has been to

avoid becoming rigid and inflexible. When the question is as
truly important and fundamental as the nature of the human
being, perhaps it is best not to plow continually ahead in the
name of scientific progress. Otherwise, in rigidly adhering
to a set course of action, we may be ignoring other consid-
erations that provide a value and context to the process of
science.®

As we have already addressed, a major goal of SCNT
was to improve on hES research by providing genetically
identical cells from any available person, allowing superior
versatility compared with picking and choosing from the
random leftovers available at the frozen embryo bank. Yet
the derivation of stem cells from human cloning has not
been successfully performed and remains ethically con-
tentious because it is embryo-dependent (Figure).*S! As
Rudolf Jaenisch has stated, “One potential use of the nu-
clear cloning approach is the derivation of ‘customized’
embryonic stem (ES) cells for patient-specific cell treat-
ment, but technical and ethical considerations impede the
therapeutic application of this technology.”® In iPS cells,
we have a technology that could move us two steps ahead
by providing identically matched cells without using enu-
cleated oocytes and embryos. This article has discussed a
number of studies that suggest iPS cells have a potential
role in spurring advances both in patient-specific therapies
and in diagnostic tools and research models for normal de-
velopment and human disease.>%-61:6%-70.73.75:8292

Is iPS technology a viable route in which to direct our
efforts over hES cells? Although practice may appear
relatively unchanged, at least in the early interim phase,
it seems practical and intuitive that we understand where
the science is heading and advance our perspective. The
discoverer of hES cells, James Thomson, seems to think
so. Three weeks after the publication in 2007 by Yamanaka
and colleagues deriving human iPS cells, Thomson’s group
came out with a report in which they also derived human
iPS cells. In the conclusion, they state:

The human iPS cells described here meet the defining criteria that
we originally proposed for human ES cells, with the notable ex-
ception that the iPS cells are not derived from embryos. Similar to
human ES cells, human iPS cells should prove useful for studying
the development and function of human tissues, for discovering
and testing new drugs, and for transplantation medicine....Human
ES cells remain controversial because their derivation involves
the destruction of human preimplantation embryos and iPS cells
remove this concern.™

In a later interview, Thomson remarked, “Only time will
tell, but I know where I’'m going....If you can’t tell the dif-
ference between iPS cells and embryonic stem cells, then
embryonic stem cells will turn out to be a historical anom-
aly.””? We agree.
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